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SUMMARY

Induction oftype | interferon in response to microbial pathogens depends on a conserved cGAS
STING signaling pathway. The presence of DNA in the cytoplasm activates cGAS, while STING
is activated by cyclic dinucleotides (cdNs) produced by cGAS or from bacterial oktgns, we

show that Group BStreptococcugGBS) induces IFN3 productionalmost exclusively by a
cGAS-STING-dependent recognition of bacterial DNA. However, we found that GBS expressed
an ectonucleotidas&dnP, whichhydrolyzes extracellular bacterial ddInactivation of CdnP

leads to edi-AMP accumulatioroutside the bacteriand increased IF productionn vitro and

in viva. Higher IFNR levelsin vivoincreased GBS killing by the hodthe IFN-3 overproduction
observed irthe absence of Cdni3 dueto the cumulative effect of DNA sensing by cGAS and
STING-dependent sensing of -di-AMP. Our findings uncover the first -di-AMP
ectonucleotidase and suggest a direct bacterial mechanism dampening the activation of the

cGASSTING axis.



INTRODUCTION

Type linterferon (IFN) production is a conserved qimlammatory response to microbial
infections (McNab et al., 2015)However, the production of type | IFN can be beneficial or
detrimental to the hosh the case of bacterial infectio(lglonroe et al., 2010)For instance, the
type | IFN response is detrimental for the host duiimgctions byListeriamonocytogenes
Mycobacterium tuberculosiand Neisseria gonorrhoeagArcher et al., 2014; Manzanillo et al.,
2012) In contrast, type | IFN is critical for host defenses against cegtdracellular pathogens
such as Streptococcusspecies (e.g., S. pneumonige S. pyogenes S. agalactiag and
Saphylococcuswreus(Gratz et al., 2011; Mancuso et al., 2007; Parker et al., 2btHiction of
type | IFN in response to bacteria is dependertivo main pathwaygMonroe et al., 2010)The
first pathway isa Toll-like receptod (TLR4)-dependent sensirgf LPS moleculepresenbnthe
surface ofgramnegative bacterialhe second pathway is a cgbtic sensing obacterial nucleic
acids mainlydoublestraneged DNA, present in the host cytoplasm.

Several cytoplasmic DNA receptors have been identified, among which the recently
described cyclic GMFAMP synthase (cGAS) has a critical r@arber, 2014; Cai et al2014;
Paludan, 2015)The cGAS enzyme is activated by DNA binding and produces a specific
eukaryotic cyclic dinucleotide (cdNabbreviated hereaftas2'3' cGAMP (Ablasser gal., 2013;
Gao et al., 2013ayhich acts as a second messenger to activate the endoplasouture (ER)
localized protein stimulator of IFN genes (STIN@&nce activated, STING recruitBANK -
Binding Kinase 1(TBK1) to phosphorylatenterferon regulatory factor 3 IRF3), ultimately
leading to type | IFN production.

Prior to the discovery of 2 cGAMP, only bacteria were known t®ynthesizecdNs. All
bacteria synthesize at least one cdN, eithéirAMP, ¢-di-GMP, andor cGAMP, whichact asa

secondary messenger geveralprocesses such as biofilm formation, cell wiadimeostasis



bacterialgrowth, or virulence gene expressiofCorrigan and Grundling, 2013; Romling et al.,
2013. In addition to theinntracellularfunctionsfor bacterial physiologycdNs are secreteor
releasd outside bacteria and recognized by the innate immune syfDemilchanka and
Mekalanos, 2013)Cytosolic sensing of bacterial cdN inducdEN-3 production through
activation of STINGBurdette et al., 2011; McWhirter et al., 2009; Woodward et al., 2010)

Given the overlapping induction by DNA through the cGBBING axis and by bacterial
cdN through STING activation, the main bacterial inducer of the3Rdsponse remains to be
identified (Danilchanka and Mekalanos, 201¥)n one hand, STIN@ependent induction of
IFN-[3 correlates wviln the amount of secreted bacterial d@srker et al., 2013; Dey et al., 2015;
Schwartz et al., 2012; Woodward et al018; Yamamoto et al., 2012pn the other handhe
affinity of STING for bacterial cdNis lower compared to 2'3cGAMP (Gao et al., 2013b;
Kranzusch et al., 2015; Zhang et al., 2013)e relative contribution of DNA and bacterial cdN
sensing for IFNB inductionhavebeen recently evaluateding cGAS and STINGdeficient cells
infected with the intracellular pathogems. tuberculosis L. monocytogeneand Chlamydia
trachomatis Overall, bacterial DNA recognition by cGASeems to behe mainstimulus for
IFN-3 inductionand the role of bacterial cdN remains controverstame studies suggest that
bacterial cdNdoes not @y asignificant rolein IFN-3 induction(Collins et al., 2015Hansen et
al., 2014; Wassermann et al., 20¥atson et al., 203%Zhang et al., 2014while othesindicate
the opposite oa specieslependent roléBarker et al., 2013; Dey et al., 2015; Schwartz et al.,
2012; Woodward et al., 201¥amamoto et al., 20)2

In this study, we characterized the HRNresponse td. agalactiae(the Group B
StreptococcusGBS), a commensabacteriaof the human intestinal and vaginal flptaut the
leading cause of neonatal invasive infections in developed cou@idaabrel et al., 2015WNe

previously demonsated thatGBS induces IFNR by a TBK1IRF3-dependent and TLR



independent pathway in murine macrophages in response to live béCteairaetDennis et al.,
2008. Herewe report that GBS induces type | IFN by a cGABd STINGdependent pathway,
primarily upon recognition of bacterial DNA, in urine macrophages and humamonocytes
However, we observed that GBS degsadali-AMP present outsid¢éhe bacteria. We showed
that c¢di-AMP is produced by GBS, but the amount of extracellldi-8MP is kept low by the
activity of the cell wall-anchoredectonucleotidas€dnP. The CdnP enzymis unrelated to the
currently known bacterial cdN phosphodiesteraseand acts sequentially with a second
ectonucleotidase, Nud@Firon et al., 2014)to degrade extracellulardi-AMP into adenosine.
We show thatnactivation of CdnP leads w@di-AMP accumulation outside the bacteria amd
overproduction of IFN3 due to a STINGlependent, cGA$1dependentrecognition of edi-
AMP. We thus repora novel anddirect mechanism used by a bacteria to dampenfIFN

production by degrading-@i-AMP to preventSTING overactivation.

RESULTS
cGAS is the main sensor fotFN induction in response to WT GBS.

We previously demonstrated that type | IFN production in response ta&@iBSon GBS
phagocytosis, alteration of the phagolysosomal membrane by the bacteritdrparg toxin (3
hemolysin/cytolysin, and the release of bacterial DNA into the cyt@ohrrelDennis et al.,
2008) To clarify the role of the DNA sensors cGAS atite DNA-binding PYHIN family
member, IFI16,in GBS infection, human THR cells were infectedwith GBS bacteriaWe
observedrobustIFN-3 induction by WT GBS infectiom THP-1 cells (Figure 1A)consistent
with our previous results imurine bone marrowlerived macrophages (BMDMgCharret
Dennis et al., 2008)Using cGAS” or IFI16" THP-1 cell lines we demonstratethat IFN-

induction by WT GBS depends mostly, but not exclusively, on cGRi§ure 1A, and is



independent of IFI16 (Figure 1B)n agreement with cGA%cting upstream of thadapter
STING, we observed a similar drdp IFN-B induction by WT GBS in STING THP-1 cells
(Figure 1C).The level oflIFN- induction observed at the mRNA level was confirmed by the
quantification of IP10, a surrogate cytokine for type | IFN expression, in WGEAS’, and
STING” THP-1 cells (Figures 1D and 1E)Transfection of purified GBS DNA confirmed the
critical function ofthe cGAS-STING axisfor IFN-[3 production in response to cytoplasmic DNA
(Figures 1A-E). Moreover, infections with GBSacking F\W R O \&/IEQ confirmed the
importart function of ths toxin for type I IFN induction (FiguelA-E).

Similar results were obtained with murine BMDMmduction of IFNR in BMDMs
infected withGBS isstrongly andsimilarly decrease itGAS’” and STING" cells (Figures 1F
and 1G).The cGASSTING axishas only a slight effect on TNFDexpression (Figures 1F and
1G) demonstrating the conservadd specifiaole of thecGASSTING axisin response to GBS
infection Overall, we confirmed our previous study describing that WT GBS indypesl IFN
by a DNAdependent sensing pathway, and ideaditGAS as the main upstream component
mediating this responsi addition, the similar response observed in cGA8d STING" cells
was consistentwith cGAS relaying the information to STING through the synthesis 3f 2'
cGAMP and suggests that activation of STINIBectly by GBS cdN, independently of cGAS,
plays a minor role.

GBS hydrolyzes extracellular edi-AMP

To understand the putative rolelcterid cdN in IFN-3 induction by WT GBS, we looked
for genes involved in cdN synthesis in the GBS genome. Homologues of the Dadéngiate
cyclase (Gbs0902) and of the GdpP intracellHdi-AMP phosphodiesterase (Gbs2100), the two
conserved enzymes involved c-di-AMP synthesis and intracellular degradati@orrigan and

Grundling, 2013)were identified in contras to genes encoding enzymes involved idi-€GMP



and cGAMP metabolisrfDavies et al., 2012; Romling et al., 201@pnsistently, -@i-AMP, but
not cdi-GMP or cGAMP, was detected in GBS extracts (Figure 2A).

Cyclic-di-AMP is released outside bacteria lay mechanism involving nespecific
transporterdKaplan Zeeviet al., 2013; Woodward et al., 2010; Yamamoto et al., 204&)
could also occur through spontaneous lys{®liveira et al., 2012) However,the absence of
STING activation independent of cGAS suggests a low level-adifAMP outside GBS. We
therefore hypothesized that GBS may degrade extracelkdaAMP. To test this hypothesis,
intact WT GBS cells were incubated with exogenously addéidAMP. In this conditionthe
concentration of extracellular-di-AMP decreases linearly (Figure 2B) coinciding with an
accumulation of extracellular adenosine (Figure 2C).

The formation of adenosine suggests the involvement of the NudP ectonucleotidase that
degrades extracellular ADP and AMP into adenotm®n et al., 2014)interestingly, theate of
c-di-AMP hydrolysis is slowewith ~Q X @GBtant cellscompared to WT bacterid&igure 2B)
and AMP production is observed instead aflenosine formatioffFigure 2C). Overall, these
results demonstrate that GBS hydrolyzes extracelluldirAMP and suggest that an enzyme
present at théacterialsurface hydrolyzes extracellulardcAMP into AMP, which is further
processed into adenosine by NudP.

The ectonucleotidase CdP degrades extracellular edi-AMP

Among the approximately 30 GBS proteins with a cell wall anchoring r(®Gl#ser et al.,
2002, we identified a second ectonucleotidase Ghs1@IOBI WP_000033934.1)hereafter
named CdnP focyclic dinucleotidephosphodiesteras€dnP is arB00-aa protein containing a
signal peptide, a canonical kF* FHOO VXUIDFH OR FbuCdo}liDagelLdarqair B/ L1 D
a metallophosphoesterase domain (Fidbg CdnPhasa conserved NHE motif (residues 198

200) in whichthe histidyl residue is essential for metallophosphodiesteaageity (Matange et



al., 2015; Zimmermann et al., 2012herefore, we engineered the GBS chromosome to replace
the Higgoresidue with an alaningigure 2D) 7KH UHVXOWLQJ LOQDFWyYpYYBWHG &G
unable to hydrolyze exogenously adaedi-AMP (Figures 2B and2C). This result indicates that
CdnP isindeedthe enzyme responsible foirde AMP extracellular degradation by GBS.

To further demonstrate thatdt-AMP is released extracellularly by GBS, we analy¥éd
and “cdnpr supernatants byHPLC. Almost no edi-AMP was detected irthe WT GBS
supernatantin contrastto the “cdnp* supernatant (Figure S2A). To compare the amount of
extracellular edi-AMP, we adapted a-di-AMP quantification assay based on iepneumoniae
c-di-AMP binding potein CabRBai et al., 2014)Resirbound CabP was used to bindicAMP
present in GBS supernatants and bound nucleotides were quantitated by HPLC after elution

JLIXUH 6 % 6XSHUQDWDQWYV RI :7 DQG :7EN FRQWRRO WKH

contain asimilar low amount of extracellular-di-$03 ,Q FR QW UddRF BlupekvakaHt
contains 5to 7-fold more extracellular-di-AMP (Figure 2E). These results strongly suggest that
the low level of extracellular-di-AMP observed in WT supernatants is dog¢he CdnP activity.
CdnP has 2,3' cNMP activity

CdnP is annetted as a putative bifunction@,3-cyclic-nucleotide 2phosphodiesterase
and 3*nucleotidas€EC 3.1.4.16) based on homology with CpdB fr&scherichia coli CpdB
related proteins ar@redicted to hydrolyze the cyclic phosphoester linkage '& 2yclic
nucleotides (2',3' cNMP) to giveé @ 3 monophosphate nucleotides (2' NMP or 3' NMP), among
which the 3' NMP can be furthdrydrolyzedby the same enzyme to give the corresponding
nucleoside and inorganic phosphgkaraku, 1964)

To characterize the enzymatic activity, we purifib@ recombinantrCdnP (Figure 2D:
residues 2&98). The rCdnPprotein is solubleandhas an appant molecular mass of about 80

kDa, in agreement with its theoretical 82 kDa m&eslimentation velocity experiments reveal



an sow0f 4.2 S and a frictional ratio of 1.6, giving a calculated mass of 80 kDa, corresponding to
a monomericprotein displaying arelongated shap@-igure ). Purified rCdnP converts the
predicted substrat®,3' cNMPto nucleoside and phosphdfgure S3A). The optimal enzymatic
activity is at pH 7.5Figure3B) and is dependent on manganese with an optimum near 0.5 mM
(Figure 3C). Thee is a stringenMn?* requirement since only low activity was observed with
Ca* and no activity was detected with other divalent ions such &8, g?*, or Zr?* (Figure
3C). The sbstrate specificity and kinetic parameters of rCdnP were determined in the presence of
2 mM Mré* at pH 7.5. The Michaelis constants of rCdnP are shown in Table 1 and the highest
VSHFLILF DFWLYLW\ ZDV REWDLQHG ZLWK I hfhsh®&aaiviiyLIXUH
on 3,5 cNMP, including the universal second messenger cAMP (Table 1 and Figure S3A). Since
2'3' ctNMPs are instabla vivo (Rao et al. 2010) we hypothesiz&that they are not the CdnP
physiological substrates.
CdnPis a 3'5' cyclic dinucleotide 3' phosphodiesterase

Based on our observation with intact GBS cells, we further characterized the substrate
specificity of CdnP. Remarkably, bacterial cdNs wérgrolyzed by rCdnP to give the
corresponding 5' NMP nucleotides (FigaiBD and 3E). We determined the Michaelisist@ants
for c-di-AMP, ¢-di-GMP, and cGAMP (Table 1) anabservedthe highest specific activity (7
pmol R/ min/ mg prot) with edi-AMP (Figure S3B). In agreement with the data obtained with
GBScells, we observed that CdnP and NudP cooperate to cledvAMP into adenosine. CdnP
cleaves the two 3' phosphodiester bonds-diFAMP to give two 5° AMPmolecules which are
further cleaved by NudP to give two adenosine and two inorganic phosffigiee S3B)

Bacterial cdNs are made of twgS3phosphodiester linkages connecting the base units. In

contrast, the metazoan32'cGAMP (>G(2'5)pA(3'5)p>) contains one &' and one &'

phosphodiestelinkage (Ablasser et al., 2013; Gao et al., 2013Akhile CdnP hydrolyzes the



bacterial cGAMP containing two ,3' linkages, no activity was detected on the metazadain 2'
cGAMP (Table 1 and Figure S3B). Interestingly, additiédr28 cGAMP does not inhibithe
activity of rCdnP on the othesubstrategdata not shown). On the other hand, 4mgdrolysable
c-di-NMP analogs, such agyclic diadenosine monophosphorodithioate;i&pmers(Rp, Rpc-
diAMPSS), adi-thiophosphateanalogue of @i-AMP, inhibit rCdnP activity (Figure S3C)n
addition, modifications of the 2', 2" positions of the ribose, by adding fluor-me®ytribose,
influence the catalytic efficiency of rCdnP (data not shown). It is thus likely that the metazo
2'3' cGAMP is not a substrate for rCdnP because the specific conformation imposed b the 2'
linkage may hinder the substragazyme interactiofCollins et al., 2015)

To confirm theenzymatic activitywe purifiedthe recombinantCdnP*where theCdnP
critical Hisioo residue wasnutatedto Ala. In similar conditions, rCdnP* was totally inactive
whatever the substrate used (Figure 3E and data not shidvase results demonstrate that CdnP
is a 3)5' cyclic dinucleotide 3' phosphodiesterase.

Degradation of c¢di-AMP by CdnP limits STING activation

IFN-3 induction in response to GBfppearanainly dependent on DNA recognition by
cGASwhile thedirect activation of STING by-di-AMP has abest a minor role when using WT
bacteria(Figure 1). However, WT GBS degradeslieAMP present outside the bactedae to
the CdnP ectonucleotidageigures 2 and)3 To uncover the effect d€dnP, we compared IF§
inductionin THP-1 cellsinfectedwith WT GBS, “cdnP* mutant,or the isogeniaNTbk control.

At all MOls tested transcription of FN-3 is higher in THP-1 cellsinfected withthe “cdnP*
mutant as compared to those infected whth WT and WTbk control@igure4A). This increase

in IFN-3 induction is not due to difference acterial growth rate, phagocytosis or intracellular
killing, and is specific since TN induction is similar betweericdnP* and WT bacteria

(Figures S4A-D).
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To characterizeghe respectiverole of GBS DNA and edi-AMP on type | IFN induction,
cGAS’ and STING’~ THP-1 cells were infected with the same straidss observedpreviously
(Figure 1),IFN-3 inductionand IR10 productiorby the GBS WT and WTbk controis similarly
decreas# in both cGAS and STING cell lines, with a 64&0% and 7675% decrease
respectively (Figure 4H), confirmingthat cGAS is the mairDNA sensorinvolved in IFN-R3
inducton in response tOVT bacteria.

In the same conditiondhe “cdnP* mutant inducedL.6to 2 timesmore IFN in WTand
CGAS’” THP-1 cells comparedwith WT GBS strain{Figure 8). The decreasklFN induction
between WT and cGASTHP-1 cells in response to thednP* mutant (around 64%) is similar
to the one observed with the WT bacteria controls (Figure iB)ilar results were obtained by
guantifying the productionof the relatediP-10 cytokine by ELISA (Figure 4C). These results
indicate that the relative contribution of DNA sensing by cGAS is aftécted by CdnP
inactivation.

In contrast, we observed a similar low level of {BNnductionand IR10 productionby
WT bacteria and thécdnP* mutant when using STING THP-1 cells (Figures 4C and 4D). The
absence oa difference between WT and mutated bacteria in STINGIP-1 cellsdemonstrates
that the increasklFN-I3 induction is cGASndependent and STIN@ependentsuggesting a role
for c-di-AMP in increasd IFN-I3 induction by “cdnP*. Indeed,cell transfectiorwith c-di-AMP
resulsin IFN-R inductionand IR10 productiorin WT and cGAS THP-1 cells (Figure 4B and
4C) but not in STING cells (Figurs 4D and 4B. Similarly, incubation of digitonin
pemeabilized THP-1 cells with a nucleotide fraction ofcBS supernatants resslin IFN-R3
induction only with "cdnP* supernatants (Figure S2CAddition of rCdnP to the purified
“cdnP* supernatant or inactivation of STING abobshFN-[3 induction (Figure S2C). These

resultsdemonstratéhat THR1 cells induce more IFHf in response to infection with thednP*
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mutant and that thisncreasaesponse is dependemt 8TING and ontheincreasd amount of €
di-AMP present outside thautatedbacteria

The same experiments were repeated MDB/s to confirm the conserved role ofdi-
AMP in IFN-3 induction As observed with THRL cells the “cdnP* mutant induced IFN3 by a
CGAS andSTING-dependent pathway similar to the WT GBS but, in addition, activated a-<<GAS
independent and STINGependent pathway that accounts for the increasediliiuction of
the mutated strair(Figure & and 45). In both cell lines no difference inphagocytosis,
intracellular killing, and TNFDinduction was observed for the three GBS strains in WT and
mutated cell lines (Figure S4Pverall we conclude thathe “cdnP* mutant induces a stronger
IFN-3 response due the cumulative effect of DNA regmition by cGAS and c-di-AMP by a
STING-dependenpathway The DNACGAS pathway is similarly activated by the WT ahe
“cdnP* mutant while the ¢di-AMP-STING pathwayis activatednly by the “cdnP* mutant
CdnP inactivation induceshigher IFN-[3 levelsin vivo and reduces GBSrirulence

Type IIFN is important for controlling GBS infection in mi¢Mancuso et al., 200@nd
our results showed thahe GBS “cdnP* mutant induced higher IFR levels in THR1 and
BMDMs. To testthe effect of CdnP inactivatioin vivo, we infectedWT, cGAS” and STING"
mice with GBS WT, WTbkandthe “cdnP* mutant Consistent with ouin vitro results the
"cdnP* mutantinduced higher IFN3 productionin WT and cGAS™ mice but notin STING”
mice, when compared to WT and WTllacteria(Figure 5A).The difference inlFN- induction
observed with the'cdnP* mutant appeas specific since TNFDinduction isnot affectedby
CdnP inactivationn the three mice backgroun{iSigure 5B).Interestingly,inactivation of cGAS
or STING decreask the absolute level oflFN-3 induction for the three GBS strains,

demonstrating the important role of the cGBSING pathway duringn vivo infection (Figure
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5A).

To confirm the link between IFR lewvel and the control of GBS infection, we quantified
the number of bacteria in thdood and spleerTheWT and cGAS mice, but not theSTING”
mice, infected by the"cdnP* mutantshowed decreased bacteremid®oth blood(Figure 5G and
spleen(Figure5D) at 24 hours poshfection Moreover cGAS or STING inactivation incredse
bacteremia, demonstrating their role to restrict bacterial infection by GBS (Figure 5C dnd D).
conclusion, CdnP inactivation results in higher {8Nnduction in mice and alless a more
efficient control of the infection by a STINGependent pathway. It is therefore likely that GBS

expressesCdnP at its surface to degrade its own releasdidAdviP and to promote its virulence.

DISCUSSION

Type | IFNsarebetterknownfor their role in antiviral host defensat they ardikewise
important in the host response to bacterial infeotvdh favorable or detrimentalutcomego the
host depending on thpathogen(McNab et al., 2015; Monroe et al., 201®oth viral and
bacterial intracellular pathogehsivebeen reportedo inducetype | IFNs bythe cGAS/STING
axis (Barber, 2014 Cai et al., 2014)Given the conserved and ancientgari of this signaling
pathway (Kranzusch et al., 2015)t is likely that microbes have developed mechanisms to
manipulate this innate immune sensing pathway. Consistentlyesiexpress specific proteins
that increase infectiveess by interfering with cGAS or STING activatiialudan, 2015; Wu et
al., 2015 Ma and Damania, 20)6

In this study, wedemonstrated that type | IFN induction the extracellular pathogen
GBS isalso dependent orthe cGAS/STING axis. Wadentified cGAS as the main upstream
sensor leading to IFHR production in respons®® WT GBS, in agreement with our previous

study showing that GBS DNA is the main agonist of this resp@@isarrelDennis et al., 2008)
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However, we identified that WT GBS expresa€3dnP ectonucleotidase that degradels AMP
outside the bacteria. Inactivation of CdnP leads-tib-AMP accumulatioroutside GBS, higher
levels of IFN Ein vitro and in vivo, and reduced virulence, with lower bacterial burden
infected organsThe overproduction of IFMR is STINGdependentbut cGASindependent
showing that bacterial cdN cattivateSTING either directly or with the help of additional cdN
receptors such as DDX4(Danilchanka and Mekalanos, 2013; Parvatiyar et al., 20BQ)
degrading its own-di-AMP, GBS avoid the overactivation of STING, linstIFN-3 induction,
and promotes its virulence.

To the best of our knowlgg, a cdN catabolic activity at the bacterial surflaae never
beenreported, or tested, in any speciésterestingly, CdnPis an enzyme belonging to the
widespread ectonucleotidase family usually involved in nucleotide catabolism at the cell surface
of prokaryotic and eukaryotic cel{fMatange et al., 2015; Zimmermann et 2012) This family
of enzymes is structurally unrelated to the currently kndaoterialcdN phosphodiesterases,
which are all involved in the regulation of the intracellular concentration of cdN to control
bacterial physiology(Corrigan and Grundling, 2013; Romling et al., 2013he current
functional annotationn database®f CdnP suggestan activity on 2'3"' cyclic nucleotide
Although enzymes withthis predictedactivity are widespread, their biological functions are
unknown (Matange et al., 2018Vilson et al., 2012probably because the predict2(8' cNMP
substrates have never beestattedin vivo and are unstable intermediatbsit donot requie a
specific enzyme for their degradatigRao et al., 2010)The CdnP activiy on 3,5' cdN is
therefore more likely to be a relevant physiological functiostead of the activity on ,2'
cNMPs. CdnP is active on specific cdNs, being more potent @rAMP, the only cdN
synthesized by GBS, and unable to cleave the eukary8tic@AMP. Following this original

CdnP enzymatic characterization, iis expectedthat other annaited 2',3' cNMPdegrading
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enzymesare infactphosphodiesterasacting on specific cdNs.

Prior to this study, CdnP homologues in bacteviere identified but their biological
functions have been elusiv&@he besttharacterized homologue to date is Wibrio cholera
CdpB enzyme necessary fdracterialgrowth whenextracellularDNA is the only phosphate
source(McDonoughet al., 2015) but the nutritional function of extracellular cdN is unlikely
The secretion or release of cdNs by bactesiasommonand might be a way to regulate the
intracellular pool of cdN in response to environmental stres@sever cdNs have a known
function outside bacteriaNo effect on GBS growth was observed by inactivating CdnP,
suggesting that the extracellular accumulation-di-AMP has no apparent physiological role in
the tested conditiondn contrast, intracellulac-di-AMP synthesis is essential for bacterial
growth in almost all conditiongCorrigan and Grundling, 2013; Whiteley et al., 20450 we
were unable tanactivate the only edi-AMP synthase genén GBS with our conventional
methods (data not shown), suggesting thdi-&MP synthesis is indeed essentiat growth in
standard condition.

The biological significance of having a dedicatedi-AMP phosphodiesterase at the GBS
surfacebecomes relevanivhen considering the hogiathogen relationshigDanilchanka and
Mekalanos, 2013)We found that IFN3 induction by GBSnfectedhuman and murine celis
dependent on cGAS, in agreement with GBS DNAre main inducer of this Tl-Rdependent
responsgCharrelDennis et al., 2008)This result is also consistent with cGAS activation by
DNA as predominant over bacterial cdN activation of STING, as observed recentlywith
tuberculosis (Collins et al.,, 2015; Wassermann et al., 2015; Watson et al., ,2Q15)
monocytogenegHansen et al.,, 2014nnd C. trachomatis(Zhang et al., 2014)However, ly
inactivating CdnHn GBS IFN-3 induction is increased and results from the additive effect on

STING of the cGASsynthaized 23' cGAMP in response to DNA and tife secreteflacterial €
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di-AMP (Figure 6) The increastamount of cdN outsidbacteriahas been previously liekl to
an increas@n STING-dependent IFMN3 induction(Barker et al., 2013; Dey et al., 2015; Schwartz
etal., 2012; Woodward et al., 2010anterestingly, we did not detect a CdnP homologué.in
monocytogenesThis is not surprising since IFRI production has mainly negative effects on the
host during infections by intracellular bacterial agens. It might even be possible that this
pathogen class positivetggulateshe secretion of cdN to increase HB\productionln contrast
IFN-3 is necessary for host protection against GBS and related pathogens. It is therefore
advantageous foGBS © diminish STING activation by degradingdcAMP to promote
invasion and organ colonization

In conclusion, we extend the role of the cGBBING axis to the extracellular bacterial
pathogenrS. agalactiaeand identified cGAS as the main sensor leading=t¢-® production by
infected macrophage$Ve also uncovered that wildype GBS dampens IFR production by
degrading a@i-AMP due to theCdnPactivity, thus avoiding the direct activation of STINGur
discovery shows the importance eflicAMP in the hostimmune response to GBS infection, and
suggest thatthe development a€dnPinhibitors could be envisoned as a treatment strategy for

infectiousdiseases

EXPERIMENTAL PROCEDURES

Ethics Statement

All experiments involving animals were performedaiccordance with guidelines set forth by the
American Association for Laboratory Animal Science (AALAS) and were approved by the
Institutional Animal Care and Use Committee (IACUC-1832) at the University of

Massachusetts Medical SchoblMMS).
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Bacterial strains and growth conditions

GBS strains used in this study are derivativeiNBM316, aST-23 andserotype Il clinical
isolate (Glaser et al., 2002) 7 KdylE non KHP R O\W L F nDdP Gelafibk utant were
described previouslyFiron et al., 2014; Firon et al., 2013j K HdhP* mutant wasconstructed,

as described in the supplemental expertagmrocedures, bsnutatingthe Hisgoo-encoding codon

to an Alaencoding codon. The markkss substitution and the isogenic WTbk control were
confirmed by sequencindiquid cultures weranaintainedat 37°C in TH broth (THDifco-BD)

or in a chemically defined medium (CDM).

Cells, cultures, and infections

WT, cGAS", STING"and IFI16" THP-1 cells generated with CRISRRas9 (Supplemental
procedures and Figure Sidjere grown in RPMI164Bupplementeavith 4 mM glutamineand
10% FBS. Primary BMDMsfrom C57BL/6 micewere generated as described previously
(CharretDennis et al., 2008DQG FXOWXUHG LQ 'XOEHFFRYV PRGLILHG (
Gibco-BRL) supplemented with 4 mM glutamine and 10% FBSAS’ and STING" mice were
obtainedfrom G. Barber (University of Miami)Cells were infected witlive GBS cultures as
described(CharretDennis et al., 2008at an MOI of 6, unless otherwise state@ells were
harvested 6 to 18 sipostinfection for RNA preparation and supernatant analysis.

Quantitative RT-PCR and ELISA

Total RNA was extracted from infected cells using Trizol (Invitrogen) amel microgram of
total RNAs was used for cDNA synthesis agdantitative PCRBIo-Rad). Levels ohumanand
mouselFN-3 andTNF- Dwere normalized against their respective GAPDH housekeeping genes.
Quantification by ELISAwas performean cell supernatastfter the indicated time of infection

as described for mouse IHN (Roberts et al., 2007)DQG DFFRUGLQJ WR WKH PD
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instructiongR&D Research) fohuman CXCL10/IPL0 andmouseand humari NF- D
Quantification of GBS intracellular cdN by LC-MS/MS

Quantification of cdNs was performed by LEMS/MS by Bid.og Life Science GmbH using
internal labeled standards. Extraction of cdNs on 5 nolvefnight GBS cultures was performed
with Acetonitrile / Methanol / Water (2/2/1, viviv) buffer as recoemded.Quantities of cdNs
werenormalized against the quantity of total protein extract.

Quantification of cdN and nucleotides by RRHPLC

Rapid Resoltion High Performance Liquid Chromatography @RIRLC) was used to determine
kinetics of extracellular -di-AMP degradation on whole GBS cells, extracelluladi-AMP
guantification, and for @nP enzymatic characterization as described supplemental
expeimental procedies Reagents and standards wergchasedrom BiolLog Life Sciences
GmbH (c-di-AMP, c-di-GMP, cGAMP, 23' cGAMP, 2;3' and 35' cyclic NMPs) or from Sigma
Aldrich (NMP, NDP, nucleotides, nucleosides).

Extracellular c-di-AMP degradation by GBS

GBS in early stationary phase were incubated with 0.1 rdMAMP in 50 mM Tris and5 mM
MnCl,, at 37°C with agitation. Aliquots were taken at different speentrifuged two times to
eliminate bacteria, anthe kinetics of edi-AMP degradation and product formatiaasanalyzed
by RRHPLC.

Quantification of extracellular c-di-AMP in GBS supernatants

Enrichment of edi-AMP was done by affinity purification on 40 ml of GBS supernatants with
the cdi-AMP binding prdaein CabP (Bai & al., 2014) as detailed in the supplemental
experimental procedur&elative quantification of extracellulardi-AMP was performedby RR-
HPLC with an externastandard 40 ml of PBS containing 1.25 uM-di-AMP) treated in the

same condition taormalize samples.
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Characterization of rCdnP enzymatic activities

Recombinant CdnP (residues-288) was produced i&. coliand analyze by ultracentrifugation
(An60Ti rotor, Beckman Coultegs described in the supplemental experimental procedtines
rCdnP metallephosphatase activities were first assayed '@ @/clic nucleotides by measuring

the release of inorganic phosphatg (®th Malachite Green reagerBIOMOL GREENM, Enzo

Life Sciences)lnorganic phosphate {Rvasquantified (absorbancg 620 nm) against a standard

P curve. Kinetics with dNswere done at 37°C in 50 mM Tris, pH 7.5, containing 5 mM MnCl
100-200 pM of substrates and 3 nM purified rCdnP enzyme. Substrate degradation and product
formation were followecevery7 min by RRHPLC.

In vivo infection and bacterial burden

6-weekold female C57BL/6 mice (Charles River) were injected intravenously Wihx 10

CFUs of bacteria harvesteduring the exponential growth phase, washed in PBS, and
resuspended in 10d. At 12 and 24 s after infection, mice were bled to evaluate serum-6~-N
levels. Bacterial counts in blood and spleen homogsnaé&ze determined by plating serial
dilutions onblood agar plates.

Statistical Analysis

All in vitro data were analyzed using an unpairedp-WDLOHG 6WXGHQWYfV W WH
confidence intervaln vivodata were analyzed using a oarametric ANOVA (KruskaWallis)

(Prism; GraphPad Software, Indata are represented means + SD.
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Figure Legends

Figure 1. cGAS is the main mediator of IFNR production in response to WT GBS.

(A-C) Quantification of IFNR inductionby gqRT-PCRin humanTHP-1 cells andcGAS” (A),
IFI167 (B), and STING' (C) inactivated cell linefollowing 6 hrs ofinfection with GBS WT or
WKH LV REHhQtak(MOI-6). Transfection with DNA3 Ry/ml) was added as a control.
(D-E) Quantification ofiP-10 production inTHP-1 cGAS’ (D) and STING” (E) by ELISA after
18 hrs of infection.

(F-G) Quantification of IFNR inductionusing WT, cGAS and STING" BMDMs at the mRNA
level after 6 hrsof infection (B or at theproteinlevel after 18 hrs of infection(G) with GBS WT
D Q GylE mutant(MOI-6). An additional LPS control (1008g/ml), independent of the cGAS
STING axis, was added.

(H-1) Same experiments as(F-G) to quantifylevels of TNF- DMRNA (H) and protein(.

Data are represented as mean = SD of at leastittdependenexperiments.$3VWHULVNYV LQGL
VWDWLVWLFDBQOHWVHIZFHYE DPQWland *** p<0.00). NS, nd significant.
See also Figure S1.

Figure 2. CdnP degrades extracellular -@i-AMP.

(A) GBS synthesizes only-di-AMP. The intracellulaconcentration of cyclic dnucleotides was
guantified byLC-MS/MSin total WT GBS extracts.

(B) GBS degrades extracellularde $03 $W W -di-AMP fvas added to early

stationary phase cultures of GBS previously washed and resuspend 4HCTripH 7.5)
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containingd mM MnCl,. Kinetics of extracellular-di-AMP degradation (mean and S.D. from at

least three independent bacterial cultures) were followedR¥APLC for the WT(black dots)

W KriddP (bluetriangleg, andthe “cdnP* (red squareysectonucleotidase mutants.

(C) Extracellular edi-AMP is degradd into adenosine by the sequential activity of the NudP and
CdnP ectonucleotidases. Same experiments &) monitoring the formation of the reaction
SURGXFWV DW WKH HQG Rl WKH H[SHULPH®QdP(bWe) andtheLQ IRU
“cdnP* (red) ectonucleotidase mutants.

(D) Schematic representations of NudP and CdnP. The archetypal metallophosphatase
(Metallophos, pfam domain 00148nd substratbinding 6-Nucleotid C, pfam domain 02872)
domains ofectonucleotidaseare colored (blue foNudP, red for CdnP). Numksemdicatethe

amino acidpositiors of the domainsgn the proteins. Transmembrane domairse indicated as

grey boxes and are necessary for secretion (SP: signal peptide) and cell wall anchoring through
the LPxTG motif (black rhombus)he Hack asteriskindicates the position of the conserved

histidine residue at position 199 of CdnP esseritinlmetallophosphodiesterase activitijhe

corresponding mutation to alanine in the catalytically inactea€ ) mutant CdnP* is shown.

(E) CdnP activity limits extracellular-di-AMP accumulation by GBS. Extracellulaidé-AMP in

the GBS culture supernaantswasquantified by arenzymelinked assay followed by RRIPLC.

The two control GBS strains (black: WT and white: WTbk) are compared in parallel with the
“cdnP* mutant (red). Mean and S.D. in arbitrary units (AU) are calculated from at least three

independent experimentSee also Figure S2.
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Figure 3. The ectonucleotidase CdnPis a manganesaependent edi-AMP
phosphodiesterase.

(A) Analytical ultracentrifugation analysis of rCdnP. The purified recombi@arP protein
(residues 29768) is amonomer with an elongated shape. Sedimentation coefficients are
expressed in Svedberg units where 1 SER)

(B and C) Influence of the pH and cations on the activity of CnRntification of inorganic
phosphate releaseiWwasdonewith Biomol Green reagents after inculost of 3 nM rCdnP with
2 mM of 2,3 cUMP in the presence & mM Mré* (B) or different cations at pH 7.%C).
Samples were taken every 10 min and activities are expressed as pm@keofnfn per mg of
proteins.

(D) CdnP degradesdi-AMP into AMP. rCdnP was incubated withdc-AMP at 37°C. Kinetics
of substrate degradation and product formatmas followed by RRHPLC. Representative
chromatograms in arbitrary units (mAU) are shown.

(E) Same experiment as (D) with the quantification of AMP formation by the rCdnP protein
and the inactive rCdnP* mutant with thesb substitution.See also Figure S3.

Figure 4. Increased type | interferon response by GBS'cdnP* mutant is dependent on
STING.

(A) THP-1 cells were infected with GBS WT, WTbk ocdnP* mutant for 4hrs at different
MOIs and IFN3 mRNA levelswere quantified by gR-PCRand normalized to GAPDH levels.
Uninfected cells (media) served as controls.

(B) Quantification of IFNR mRNAin WT and cGAS THP-1 cellsafter 4hrs of infection (MO
6) with GBS WT, WTbk or "cdnP* mutantor after transfectionvith c-di-AMP (100 nM).

(C) Quantification ofiP-10 by ELISA in WT and cGAS THP-1 cellssupernatantafter 18 hrs

of infection.
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(D) Same experiment as (B) with STING” THP-1 cells.

(E) Same experiment as in \@ith STING” THP-1 cells.

(F) Same experiment as (B) with WT, cGAS’ and STING" BMDMs.

(G) Same experiment as in)(fwith the quantification of mous&N-3 production by ELISAafter
18 his of infection

All data are represented as mean + SD of three experimedtsV WHULVNV LQGLFDWH \
VLIQLIGEDIQUWHG@FHYV ** p<0.01 and ** p < 0.001). ND, not detecte&ee also
Figure S2 and S4.

Figure 5. GBS “cdnP* mutant induces higher type | interferon responsen vivo in both WT
and cGAS’, but not in STING - mice.

(A-C) WT, cGAS’, and STING mice (n = 10 for each genotyp&)ere infected by intravenous
injection with1.5 x 13 CFUs of GBS WT, WTbk or “cdnP* mutant. Mice were bled 12nd24
postinfection Serum IFNR (A) and TNF- D(B) l